Climate change will affect forests in Germany through the end of this century. The impacts of climate change on forest productivity, water budget and the associated biotic and abiotic risks are relevant for the forestry sector and its decision makers. We analysed the possible impacts of climate change on Germany's forests using a variety of climate scenarios generated with the regional statistical climate model STARS and the process-based forest growth model 4C. The focus of our analyses was on mono-specific stands of the main tree species Norway spruce (Picea abies L. Karst.), Scots pine (Pinus sylvestris L.), European beech (Fagus sylvatica L.), oak (Quercus robur L. and Quercus petraea Liebl.), and Douglas fir (Pseudotsuga menziesii (Mirb.) Franco). The impacts on net primary production of forest stands are mainly positive for needle tree species and more negative at low elevation, water-limited sites for broadleaved tree species like beech, which is in contrast to the overall tendency of deterioration of the annual percolation rates independent of tree species. The application of a fire danger index and a nun moth risk species index according to Zwölfer indicates that Germany's forests will experience, under the warmer and dryer climate described by RCP8.5, higher potential risks from fire and some specific pest species. An integrated evaluation reflecting the potentials and risks of forests under RCP8.5 for the German natural regions illustrates that the dryer (waterlimited) low elevated regions reaching from southwestern to northeastern Germany will benefit less from the assumed climate change than regions in the Northwest and forest sites at higher altitudes, which are mainly temperature limited.
Introduction
The possible impacts of climate change on forests in Germany in the 21 st century have been studied since the late 20 th century, when early accounts of global change started (e.g. Lasch et al., 1999) . A first analysis of the German forest sector under global change (Lindner and Cramer, 2002) focused on the impacts on forest productivity and the forest sector. Köhl et al. (2010) studied the effects of climate change on productivity and species composition in managed forests in Germany in light of potential mitigation strategies. Moshammer et al. (2009) analysed, by means of the process-based model BALANCE and the managementoriented model SILVA, the impacts of climate change in combination with adaptation strategies of management on the regional scale of a forest enterprise, which indicated the possibility of growth losses due to the applied site change scenarios for spruce and pine. On the other hand, Lindner et al. (2010) cited a variety of on larger scale studies that Central European forest production is limited mainly by water availability and the impacts for different species depend clearly on site condi-tions and assumed regional climate changes. Analyses of expert knowledge (Spathelf et al., 2013) confirmed this statement and asserted risks for forest productivity, especially at low-altitude and dry sites. A modelbased analysis on climate change impacts along an elevation gradient in Central Europe indicated, for beech and spruce, declines of growth at lower elevations and significant increase at higher elevations (Hlasny et al., 2011) .
The impact on individual tree species that are considered to be particularly vulnerable such as Norway Spruce has been discussed using species distribution models (Kölling et al., 2009) . However, these studies only addressed to a limited extent the effects of climate change on disturbance regimes and also mostly ignored climate change impacts on the interaction of the carbon and water balance of forests. Furthermore, they relied on few climate change scenarios without embracing the uncertainty induced in any climate change impact assessment by climate model uncertainty (cf. Reyer et al., 2013) .
The impacts of climate change on forest water budgets have been partly treated in other studies but at smaller scales rather than the whole of Germany. For example, regional analyses of climate change impacts on groundwater recharge indicate temporal and spatial changes in ground water recharge for the IPCC scenarios A1B and A2 in a small catchment of the Black Forest in Germany (Neukum and Azzam, 2012) without considering the implications for forest productivity. Natkhin et al. (2012) highlighted the important effects of forest growth dynamics under climate change on groundwater recharge for a lowland region in north eastern Germany. Also the impacts of climate change on disturbances have been studied at the regional level. For regions like Lower Saxon Harz Mountains (Overbeck and Schmidt, 2012) or the Bavarian Forest National Park (Fahse and Heurich, 2011 ) models and studies exist regarding risks of infestation and outbreaks of bark beetle.
Thus, studies combining climate change impacts on different functions of forests like productivity, carbon sequestration, and groundwater recharge as well as on risks due to extreme events and pest species are lacking. Therefore, we aimed to answer the following questions for the whole area of Germany: (1) how do changes in net primary production and timber production interact with changes in the water budget under climate change? (2) What are the possible risks of fire danger or pest outbreaks?
We addressed these questions by using climate scenarios supplied from the regional statistical climate model STARS (Gerstengarbe et al., 2015) to drive the process-based forest model 4C (Bugmann et al., 1997) , which allows the impacts of changing climate on a variety of forest functions to be analysed as well as estimating risks from disturbances for forests until 2100. The main idea of our study was to evaluate potential risks and opportunities for typical forests all over Germany, to filter out the climatic signal and to account for confounding factors such as changing forest area, species composition, forest dynamics, and age structure during the next 50 years. This approach allowed us to assess potential regional risks and opportunities for forest stands of the economically most important tree species under a variety of climate change scenarios.
Method and material

Model 4C
Overview
Our impact analyses were realised with the processbased forest growth model 4C, which has been developed at the Potsdam Institute of Climate Impact Research and applied in various model-based studies on different regional and temporal scales. The model allows the simulation and analysis of long-term forest behaviour under changing environmental conditions (Lasch et al., 2005) . It describes processes at tree-and stand-level, based on findings from eco-physiological experiments, long-term observations and physiological modelling and includes descriptions of tree species composition, forest structure, and total ecosystem carbon content (for more details: http://www.pik-potsdam.de/ lasch/web_4c/theory/short_desc.htm). The model 4C shares a number of features with gap models, which have often been used for the simulation of long-term forest development. Establishment, growth and mortality of tree cohorts are explicitly modelled on a patch on which horizontal homogeneity is assumed. Water and nitrogen availability affect growth and mortality of trees. The annual course of net photosynthesis is simulated with a mechanistic formulation of net photosynthesis as a function of environmental influences (temperature, water and nitrogen availability, radiation, and CO 2 ) where the physiological capacity (maximal carboxylation rate) is calculated based on optimisation theory (modified after Haxeltine and Prentice, 1996) and calculation of total tree respiration following the concept of constant annual respiration fraction as proposed by Landsberg and Waring (1997) .The water and nitrogen availability depends on the soil parameters, the climatic conditions, and the stand development. Because we did not consider nitrogen deposition, the nitrogen availability changes only due to the decomposition processes in the soil, which are affected by soil temperature, soil humidity and the soil pH. The water balance is calculated from potential evapotranspiration (see below), interception, and percolation and varies with species and time.
Currently, the model is parameterised for the five most abundant tree species of Central Europe (European beech (Fagus sylvatica L.), Norway spruce (Picea abies L. Karst.), Scots pine (Pinus sylvestris L.), oaks (Quercus robur L., and Quercus petraea Liebl.), and birch (Betula pendula Roth)) as well as other tree species like aspen (Populus tremula (L.), P. tremuloides (Michx.)), Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), and black locust (Robinia pseudoacacia L.). These parameters are fixed for all applications of the model (see http://www.pik-potsdam.de/~lasch/web_4c/theory/ parameter_table_0514.pdf). The regional scale of model application covers single-site analyses including model validation (Gutsch et al., 2011; Reyer et al., 2010; Suckow et al., 2001 ) as well as regional and large-scale analysis of climate change impacts (Fürstenau et al., 2007; Reyer et al., 2013 ).
Potential evapotranspiration according to Turc and Ivanov
The potential evapotranspiration was calculated based on the approach of Turc and Ivanov described in Dyck and Peschke (1995) as follows: For T >= 5°C:
if H < 50 1 i fH ≥ 50 and for T < 5°C:
Fire danger index according to Käse FDI
The model also allows the calculation of a risk index for fire danger according to Käse (1969) , which is used in similar form by the German Weather Service providing daily values from 1 (no risk) to 5 (very high danger) from the middle of February until the end of September. The annual fire danger index based on the calculation of the daily fire danger index I C (d) according to Käse (1969) and Flemming (1994) , which is calculated for days d with 46
The daily index is defined as 
The day of bud burst for birch d bb,birch is calculated according to the 4C approach (Schaber, 2002) . The day of bud-burst for black locust d bb,robinia is determined with a simple temperature sum model: black locust foliates, when the temperature sum T sum is above a critical value T crit of 537 degree days. That means
and T sum is calculated by
The parameter d end is fixed with the day number of 1 September.
The daily fire hazard level is then calculated as follows. If I C (d) is less equal 500 the fire alert level is one, if it is greater than 500 and less equal 2000 the level is two, if it is greater than 2000 and less equal 4000 the level is three, if it is greater than 4000 and less equal 7000 the level is four, and if I C (d) is greater than 7000 the fire alert level is five.
Nun moth risk index NRMI
The model 4C calculates an index for the risk of nun moth (Lymantria monacha L.) mass outbreaks according to Zwölfer (1935) . The nun moth risk index describes the annual risk of appearance or mass outbreaks of nun moth (Lymantria monacha L.). Zwölfer (1935) developed a thermal index on the basis of experiments about the influence of hydrothermal conditions on the survival and reproduction ability of nun moth. He investigated the impact of temperature on the different life stages of nun moth and determined three parameters for each life stage whereas the nine life stages were split into thirteen phases according to the relation between month and life stage (see Table 1 ):
p -parameter T 0 -minimum temperature of the stage (°C) r -number of days of the phase For the first stage, egg (hatch period), Zwölfer (1935) calculated under wet saturated atmosphere (relative humidity of 100 %) p = 65 and T 0 = 4.9. He assumed for the life stage larva I no clear influence of the relative humidity within the range 40-100 %. The data for the following stages (larva II, III, IV, V) were collected for a relative humidity of 70-80 % (Table 1) . Therefore, the index does not allow statements under dry climate conditions.
A thermal constant T tot of the whole life stage was derived from these data as a sum of the parameters p of the different life stages. Zwölfer (1935) stated
From the observations of the phenology of the life stages of nun moth he defined for each phase a mean number of days r (Table 1) . Using the local monthly means of temperature for the period April until September T i (i = 4, . . . , 9) which are assigned to the 13 phases T m ( j) ( j = 1, . . . , 13) ( Table 1 ) a local annual temperature sum T sum is calculated in the following way:
The annual nun moth risk index is defined as following:
Zwölfer (1935) stated that if NMRI is less than one, the required temperature sum for the whole life cycle is not available. If the value NMRI = 1 is reached, then the minimum temperature limited distribution area is given. The index allows the presentation of the northern horizontal distribution border but also of the vertical border. The southern distribution border is estimated for a NMRI value of 1.5-1.6. The distribution area of nun moth is characterises by NMRI values less than 1.6 and greater than 1.0. Typical areas for mass outbreaks of nun moth are characterised by NMRI values varying from 1.1 to 1.4 as long-term mean.
Data 2.2.1 Climate data and scenarios
The simulations were driven by daily climate time series of temperature, precipitation, relative humidity, global radiation, air pressure and wind speed for the past and the future. The maximum (4.97°C), minimum (2.36°C) and median (4.01°C) of temperature trend for Germany during 2011-2100 was determined from 21 different General Circulation Models (GCM) of the CMIP5 program driven by RCP8.5. These three trends were used to assemble new meteorological data sets from historical meteorological data by STARS (Gerstengarbe et al., 2015) . STARS is able to simulate a large number of such data assemblies per given temperature trend called realisations. The statistical characteristics of temperature and precipitation for the base period and the three RCP8.5 scenarios are given in Table 2 . We used 100 realisations in each case of the three RCP8.5 trend scenarios, all in all 300 realisations. The CO 2 concentration time series for the RCP8.5 scenarios was selected from the Extended Concentration Pathways by Meinshausen et al. (2011) with an increase of concentration to 603 ppm in 2060.
Soil data
The simulation sites (grid cells) were linked with the soil data base BÜK 1000 (BGR, 2004) . Information of soil texture, physical and chemical soil parameters are given per soil horizon. The parameters are taken directly from this soil data base and processed in the model 4C. The nitrogen availability is calculated from the C/N ratio of the soil and is used for all tree species in the same way.
Simulation concept and analyses
The model simulations were realised on a grid (0.11°× 0.11°) with 4183 sites corresponding to each grid cell, in Germany assuming a hypothetical forest stand at each site. The corresponding soil from the BÜK 1000 is assigned to each grid cell and the meteorological station closest to each grid cell was determined using Thiessen polygons. We derived monospecies, 55 year old forest stands of medium site index of Scots pine, Norway spruce, Douglas fir, European beech or oak from yield tables (Lembcke et al., 2000; Schober, 1987; Wenk et al., 1984 ) (see Table 3 , 1981) . We assumed that these stands represent medium aged forest stands in their most productive state (Ryan et al., 1997) , where main silvicultural measurements are realised . The management of these stands was derived from the yield tables based on stem number development. The final state of the stands averaged over all sites under the recent climate is given in Table 3 (2010), as well. This approach allowed us to simulate typical forest stands but it also means that we simulated forests at sites where stands of the assumed species may not be present today, or where no forests is growing at all. Thus, we rather provide an overall picture of the productivity of the species in relationship to water budget and risks of fire or pest outbreaks under varying climate conditions rather than predictions for concrete, existing forests.
We simulated all stands for 30 years with the observed climate, 1981-2010, and with all realisations of the three RCP8.5 climate scenario data for the period 2031-2060 always using the same stand initialisation as a starting point. Thus, we did not consider transient dynamics of the forest stands but only the dynamics of the 30-year period under the scenarios in comparison with the recent 30-year period. We began by assuming a constant CO 2 concentration of 380 ppm for all simulation runs in the past and future. We then ran the simulations using historical data of CO 2 concentration and the CO 2 concentrations of RCP8.5 given by the Extended Concentration Pathways (Meinshausen et al., 2011) (increasing CO 2 ). This approach allowed us to focus first on pure climate change effects on the considered key variables and second on the additional effects of changing CO 2 concentration.
We focused our analyses on the productivity of the forest stands as indicated by the average net primary production (NPP) and the average stem increment (SI). Linear regressions of mean absolute NPP changes and mean absolute SI changes (averaged over all 300 realisations and comparing base period 1981-2010 and scenario period 2031-2060) while accounting for site elevation were carried out for each species using the least squared method and a F-test to analyse the significance of the linear trends with the statistical package R (R Development Core Team, 2008) . The effects on water budget were examined using the average annual percolation rate. Risks to forest stands by fire were calculated with the fire danger index (FDI) and the risk by pest species with the nun moth risk index (NMRI). We calculated statistical parameters of the focus variables over all simulation runs within the model and with the statistical package R.
Integration of impacts
We developed an approach for the investigation of the potential risks and opportunities for different so-called natural regions in Germany (see Fig. 1 in ESM) . We integrated the impacts of the climate change scenario on the annual NPP, the annual stem increment, the annual percolation rate, the fire danger and the nun moth risk using a simple approach of rescaling the following variables To combine all indicators in an overall risk indicator all indicators were rescaled to a range from 0 to 1. At first we defined: 
In the case of NPP change, SI change and percolation rate (indicators I 1 -I 3 ) we rescaled for each species and each region the values averaged over region and period to a scale from 0 (minimum value) to 1 (maximum value). We determined linear functions for each species i and each indicator I k (k = 1, . . . , 3):
calculating the parameters a ik and b ik (Table 4) as follows:
For each region j ( j = 1, . . ., 7) we calculated averages R jk for each of the three indicators I k (k = 1, . . ., 3) over all five species:
In the case of the variables FDI and NMRI (indicators I 4 , I 5 ) we determined linear functions
whereas the averaged values P i jk for the indicators I 4 and I 5 per region j over all stands of the region are independent of the species or only relevant for pine stands respectively. The parameters a k and b k of the 
Now, values R jk = 1 ( j = 1, . . ., 7) indicate the maximum simulated positive NPP change (k = 1), maximum simulated positive stem increment change (k = 2), maximum percolation rate (k = 3), minimum FDI (k = 4), and minimum NMRI (k = 5) over all regions. Subsequently, we calculated per region for each recalculated indicator or index R jk the danger index R * jk = 1 − R jk according to the assumption that the danger index R * jk = 0 indicates no or very low risk (maximum increments or percolation rates or minimum FDI and NMRI) and R * jk = 1 indicates a very high risk. The aggregated impact index is calculated for each region j by averaging the five danger indices R * jk .
Results
Net primary production
Under constant CO 2 concentration the average annual net primary production of the five considered tree species for the base period (Fig. 1, upper row) indicates a regional variability caused by site specific soil and climate conditions. Independent of tree species, sites at higher altitudes show higher productivity than low elevation sites with an exception of the temperaturelimited sites (Alps). The absolute change of annual NPP in the scenario period compared with the base period ( Fig. 1, middle row) is highest for pine and oak stands with NPP changes up to 3-5 t C ha −1 a −1 and lowest for beech stands, where at most sites the NPP change varies around zero and for some sites it is negative. The percentage change in annual NPP on average for all sites is highest for oak and Douglas fir and lowest for beech. For all tree species, there are sites where, under some of the 300 realisations, the relative NPP change is negative (Table 5 minimum value) while on the other hand there are site and realisation combinations which lead to a very high increase in annual NPP, especially for pine and oak. The standard deviation per stand of NPP changes for all of the 300 realisations of the RCP8.5 scenario seems to be higher for pine than for the other species and lowest for spruce (Fig. 1, lower row) . Regionally, the lowest standard deviation is found for the regions of lower altitude in the Northeast and Northwest German Plain, while the highest values are for the regions at higher altitude (Alps, Harz Mountain, low mountain ranges).
Simulations with increasing CO 2 concentration resulted in clearly higher absolute and relative changes in annual NPP (see Table 5 and ESM, Fig. 2 ). All changes are positive. The distinctions between species are similar to the simulation results with constant CO 2 . The range of annual NPP shifted to higher values for all species and all site/scenario combinations. The variability of the standard deviation is clearly lower than under constant CO 2 and is highest in the Alps and lowest mainly on Northeast German Plain (ESM, Fig. 2 , lower row).
Stem increment
The simulated average annual stem increment for the considered species with constant CO 2 assumption vary regionally and between the species similar to the annual NPP (see ESM, (Table 6) , with potential annual stem increment decreases for all species at some sites. The standard deviation of stem increment change is also lowest for the Douglas fir stands and highest for spruce and pine. The regional variability of standard deviation of stem increment change differs clearly between the species. Considering annual stem increment change versus elevation of the sites indicate a significant trend for this relation (Fig. 2) , which is also the case for the relation between mean annual NPP change and elevation.
Percolation rate
Analysing the results under the constant CO 2 assumption, we assert that the average annual percolation rates for the base period have a very high regional variability, which is driven by the annual precipitation sum (Fig. 3 , upper row). As Gerstengarbe et al. (2015) described, Germany is currently divided into an area with precipitation below 700 mm (eastern Germany and the lee side of the low mountain range in the middle of western Germany) and a precipitation rich remaining area. The resulting variability in percolation is obviously higher than the variability caused by tree species. With some exceptions, most notably oak in northwestern Germany, all species show a reduction of annual percolation in the time period 2031-2060 (Fig. 3 , middle row), with regions with high percolation have higher change rates and higher standard deviations. The average change in percolation rate varies between −17.6 and −20.1 % (varying from −58 to −63 mm on average per species) depending on tree species, with maximum decrease of 86.6 % ( Table 7) . Assuming increasing CO 2 the simulated annual percolation rates for 1981-2010 are very similar to the annual percolation rates with constant CO 2 (see ESM, (Table 7) .
Forest fire danger
The applied forest fire danger index FDI indicates two main regions of highest fire risks for the period 1981-2010, one in eastern Germany and another in southwestern Germany (Fig. 4, left) . Under the RCP8.5 realisations for 2031-2060 the forest fire risk clearly increases in these regions by about half grade on the scale between 1 and 5. The regions with a FDI above 2 become larger (Fig. 4, middle) . Only in the Alps, the Alpine Foreland, and in a small region in northwestern Germany the FDI does not change. The standard deviation over the 300 realisations shows the highest values in the region with highest value of FDI. On average the fire risk clearly increases from 1981-2010 to 2031-2060 (Table 8) . Analysis of the number of days with highest fire danger classes 4 (high risk) and 5 (very high risk) confirms the results in Fig. 4 , with highest number of days in both classes (Table 9) . For these regions the number of days with fire risk class 4 increases by 8 and 7 days, respectively, using RCP8.5. On average for all of Germany the number of days with class 4 increases by 4 days but with class 5 only by 1 day. The maximum values for both classes are especially high in the Northeast German Plain.
Nun moth risk
The risk of nun moth mass outbreak according to the nun moth risk index NMRI is currently very high as indicated by the results for 1981-2010 (Fig. 5, left ).
Only regions with higher altitude (Alps and low mountain ranges with an exception in the Southwest) are not endangered by the occurrence or mass outbreak of nun moth. This picture clearly changes under the realisations of RCP8.5 for 2031-2060. In large parts of Germany the NMRI exceeds the upper threshold (1.4) of the index, which possibly indicates, that nun moth outbreaks will not happen (Fig. 5, middle) . Areas without risk of outbreaks in 1981-2010 will become endangered by this event and in some small regions the index will exceed 1.6 (Northeast Germany, south of West German Uplands, light grey colour), which indicates that mainly the temperature conditions are not favourable for nun moth occurrence. The standard deviation of mean NMRI over the 300 realisations is very low in the northern part of Germany and a little bit higher in some regions of higher altitude and in eastern Germany (Fig. 5, right) . On average the nun moth index increases by more than 17 % (Table 10 ), but the minimum value for both periods is below 1, due to the existence of regions without any nun moth risk.
Integration
A low value of the aggregated impact index indicates very low risks and high opportunities as shown for the Alps natural region followed by the Alpine Foreland (Fig. 6, Table 1 , ESM). Otherwise, an impact index near one describes lower opportunities regarding productivity and percolation (as an indicator for the regional water balance) and higher risks, as can be stated for the warmest and driest regions under the RCP8.5 scenario: Southwest Uplands/ Scarplands and the Northeast Plain. These regions are hot spots of climate impacts on forestry with higher potential risks and lower potential opportunities than the other natural regions. 
Discussion
Productivity: NPP and stem increment
The simulated mean annual NPP for the period 1981-2010 shows a similar picture for all species (Fig. 1 , upper row, and in ESM Fig. 2, upper row) . The NPP is higher in the southwestern regions of higher altitude (without Alps) and substantially lower in the northeastern and northwestern regions and in the southern regions of lower altitude. This regional variability corresponds with results of Tum et al. (2011) , simulated with the model BETHY/DLR. However, the simulated maximum values of NPP for the specific tree species differ clearly. A comparison with data from the German National Forest Inventory (BWI 2 ) as given by or simulated values by Tum et al. (2011) and Rötzer et al. (2010) is not appropriate because of our special simulation approach assuming forest stands of a specific age at all cells of our base grid (see chapter 4.3, Simulation concept and analyses). The mean annual NPP ( Fig. 1 and ESM, Fig. 2, 3 ) and also annual stem increment (ESM, Figs 4, 5) indicate differences between the species. For spruce and Douglas fir the annual NPP is very similar as well as in the case of stem increment for oak and beech. Highest annual NPP and stem increments were simulated for pine. These results may be biased. While the relations between stem increment change and elevation (Fig. 2) as well as between NPP change (ESM, Fig. 3 ) and elevation are significant for all species, both relations indicate a broad variety over site condition on low elevation, especially for pine. The high changes of stem increment for pine may be caused by a more or less unrealistic assumption of pine forests being on very productive sites, which are not water and nutrient limited. Furthermore, we used a pine stand derived from the yield table of Lembcke et al. (2000) , which is representative for a pine stand in eastern Germany.
The simulation results with all realisations of RCP8.5 under constant CO 2 concentration show that annual NPP change in 2031-2060 compared with 1981-2010 is mainly positive or insignificant (±0.5 t C ha −1 a −1 ) for the needle tree species, which is similar to results for stem increment (Fig. 1, middle row) . Beech stands lose at some sites because of warmer and dryer climate, especially during summer months; only a few sites show a clear increase in NPP (with higher precipitation also for 2031-2060) and stem increment. These results are comparable with Reyer et al. (2013) and Morales et al. (2007) . The impact of future climate on annual NPP change strongly differ between sites (Fig. 1, middle  row) characterised by different changes in temperature and precipitation. Higher increases can be stated for all species in the Northwest and lower increases in the Northeast and at lower altitudes in southern Germany. Model analyses by Hlasny et al. (2011) projected an increase in growth for beech, oak and spruce excepting beech forest at lower altitude, with a shift of beech production optimum to higher elevations. This corresponds with our beech productivity projections without CO 2 fertilisation for lower and higher altitudes (Fig. 2 , ESM: Fig. 3 ). In contrast, Levesque et al. (2013) showed from tree ring analyses that spruce is highly vulnerable to water deficits at dry sites, which is in accordance with a few spruce stands of low altitude (Fig. 2 ) simulated with constant CO 2 concentration.
If we assume increasing CO 2 concentration for 2031-2060, the results for annual NPP change show mainly increases for all species in all regions (see ESM, Fig. 2 , middle row), which is caused only by the CO 2 fertilisation effect. This effect is caused mainly by the formulation of the CO 2 -effect in 4C and also other similar process-based models. These models disregard acclimation of physiological processes to elevated CO 2 as well as nutrient limitations that may limit future CO 2 fertilisation (Körner, 2006; Reyer et al., 2013; Templer, 2013) .
The stem increment change is also higher than with constant CO 2 concentration. The lowest increases and changes (1-3 m 3 ha −1 a −1 ) were simulated for beech and clearly higher increases for the needle tree species stands. Generally, increases in annual NPP were caused by longer vegetation periods due to earlier bud burst (Badeck et al., 2004) and higher temperatures at non water-limited sites in the case of constant CO 2 and the fertilisation effect of the increasing CO 2 , which confirms results of Morales et al. (2007) and Reyer et al. (2013) .
Positive NPP and stem increment changes for most species and sites independent of CO 2 scenario are on the one hand an indication for increasing harvest yield if changing age structure is not considered. On the other hand they may be a hint for increasing carbon stocks in the German forests as stated by Köhl et al. (2010) .
Percolation rate
The analysis of the RCP8.5 scenario by Gerstengarbe et al. (2015) describes, besides increasing annual temperatures, a trend to lower annual precipitation especially in the summer months. Both trends lead to decreasing climatic water balance. These climatic conditions are the main cause of percolation losses in all regions and on average over all of Germany independent of the species type. Considerable regional variations exist depending mainly on precipitation and temperature variations and variations between the species. The latter variations depend on the simulated stand type, since the foliage biomass of the stands and their leaf area index influence the elements of forest water balance such as interception, evapotranspiration, and the resulting percolation. However, regional variations have a much stronger impact on the water balance than the species type (Fig. 3) . Regions with high precipitation like the Alps and the Black Forest in southwestern Germany have higher percolation rates for all species and the change rate is also high. In contrast to this, for regions with low precipitation, especially in eastern Germany, the maps in Fig. 3 show only low percolation for 1981-2010, as stated also by a simulation study for a region in northeastern Germany by Natkhin et al. (2012) , and low change rates for 2031-2060, with corresponding standard deviations. The lower absolute change rates as simulated for northeastern Germany disguises the fact that the very low percolation rates for 1981-2010 in this region were greatly reduced. The relative change rates of percolation decrease in this region up to about −80 %, as given in Table 7 . Conradt et al. (2012) also simulated strong changes of groundwater recharge in the Elbe river catchment, which partially covers the Northeast German Plain, under climate scenarios generated by STARS.
The decrease in annual percolation rate for the RCP8.5 scenario corresponds very well to the decrease of precipitation sum during the summer months (June, July, August) of about 18 % on average in Germany (Gerstengarbe et al., 2015) .
The effect of climate change on annual percolation rates with increasing CO 2 under the RCP8.5 realisations correspond with the statement of Morales et al. (2007) on the enhancement of the efficiency of photosynthesis and water use by increasing CO 2 concentration. The decrease of percolation rates is clearly less on average for Germany compared with the simulations with constant CO 2 and also the maximum decreases in percolation are about 10 % lower.
Risks
Our simulations show that the FDI is very high currently in areas with high temperatures and low precipitation (Northeast German Plain, South of West German Uplands), which is also indicated by a negative annual climatic water balance (see Gerstengarbe et al., 2015) . This corresponds with the valuation that the eastern Federal states of Germany are among the most dangerous forest fire regions in Europe (Hirschberger, 2012) . Considering the simulated fire danger risk with all realisations of RCP8.5 it appears that nearly all realisations show a decrease of climatic water balance during the meteorological summer time (June, July, August), which is relevant to fire danger (Gerstengarbe et al., 2015) . This results in a clear increase of fire risk in northeastern Germany and other regions. Nevertheless, an increasing fire risk does not mean increasing number of fires or area of fires due to modern observation methods like satellite-based early-warning systems applied e.g. in the Federal state of Brandenburg. However, it underlines the requirement of better observation and prevention techniques.
Currently, the risk of nun moth occurrence and outbreak is very high in Germany, especially in the northeast (Möller et al., 2007) . The nun moth is a serious pest species in Central Europe, which defoliates mainly pine and spruce and prefers regions with less precipitation. Our results confirm that in the future climate-driven nun moth risk will increase. This is in line with reported studies. An increase in bark beetle damage has been observed in the period 1950-2000 in Europe (Schelhaas et al., 2003) and for future drier and warmer conditions a general higher risk of insect and pathogen damage is expected (Lindner et al., 2008; Seppälä et al., 2009 ). This is particularly relevant for spruce forests. Pine plantations are also high risk areas for catastrophic insect disturbances (Apel et al., 2004) . Outbreaks of the Pinetree lappet (Dendrolimus pini L.) are favoured by low precipitation (about 500-600 mm of mean annual precipitation) and warm temperatures on dry sites. Also a higher population density of the beetle Phaenops cyanea F. has been associated with warmer and drier summers (Lobinger and Muck, 2007) . Broad-leaved trees may also be increasingly attacked by insects, as has been reported for oak processionary moth (Thaumetopoea processionea) (Bräsicke and Wulf, 2011) .
Disturbances are not only a result of climatic drivers but also influenced by other factors such as management history or topography. For the period 1958 -2011 , Seidl et al. (2011 found that climatic and non-climatic drivers have an equal share in determining a higher amount of disturbances in Europe's forests. It is also important to consider that we looked at two specific types of disturbances as examples of climate driven disturbances and interpreted them in isolation. In reality however, disturbances are linked, e.g. storm damage provides breeding material for bark beetle outbreaks and drought-stressed trees are more susceptible to insect damage (Wermelinger, 2004) . Furthermore, the interactions between different disturbance agents and different environmental changes further complicate the comprehensive assessments of risks. There is little knowledge about complex interactions but assessments of single disturbance agents already show that the importance of catastrophic disturbances may increase in the future. Storm damage for example has increased, especially in the two recent decades, and currently amounts to 8 Million m 3 timber per year (Majunke et al., 2008) . It is however unclear whether this increase is related to climate change and different methods have led to different conclusions (Fröhlich, 2011) . Future changes in wind speed are hard to project, but regional studies using GCM and RCM data point to an increase in gust speeds in northern Germany, while no clear signal has been found for southern Germany (Frank et al., 2010) . It is important to note that wind is only one element of storm damage and other factors such as the amount of days with frozen soil also influence the susceptibility to wind damage and are likely to be altered by climate change.
Integration
Our integration of opportunities and risks for forests in Germany points out the regions where forests experience stronger negative or positive impacts under the RCP8.5 scenarios. The dryer (water-limited) low elevated regions reaching from southwest to northeastern Germany benefit less from the assumed climate change than regions in the northwest and forest sites at higher altitudes, which are mainly temperature limited. This overall view confirms statements about the vulnerability of Germany's forests in the framework of a vulnerability study of Germany under climate change (Zebisch et al., 2005) .
In our first attempt of integration we averaged all rescaled indicators with equal weight to an overall index. The idea behind this approach is to combine all climate change impacts, whether perceived as risk ("negative impacts") or as opportunity ("positive impacts") from an anthropocentric perspective. This delivers an overall view of the changes expected under climate change in a region and allows the comparison of regions regarding expected changes from current characteristics. In the future, the approach could be further developed; e.g. the indicators could be weighted depending on the aim of the study or combined in another way.
Conclusion
Our integration effort provides a ranking of the German natural regions regarding risks and opportunities of forests under climate change and assists in detecting vulnerable forest regions. Furthermore, our results, although not explicitly considering adaptation of forest management practices, can be used to discuss adaptation to climate change. The main adaptation options that are being emphasised by the German national adaptation strategy are forest conversion from monospecies (coniferous) stands to site-adapted mixed forests, changing tree species or provenances, insertion of non-native tree species such as Douglas fir, risk-spreading, proactive and reactive measurements to cope with calamities, monitoring and water retention measures (BMU, 2008 
